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We propose a photon echo quantum memory scheme using detuned Raman couphng to long lived ground 
states. In contrast to previous 3-level schemes based on controlled reversible inhomogeneous broadening that 
use sequences of 7r-pulses, the scheme does not require accurate control of the coupling dynamics to the ground 
states. We present a proof of principle experimental realisation of our proposal using rubidium atoms in a 
warm vapour cell. The Raman resonance line is broadened using a magnetic field that varies linearly along the 
direction of light propagation. Inverting the magnetic field gradient rephases the atomic dipoles and re-emits 
the light pulse in the forward direction. © 2008 Optical Society of America 
OCIS codes: 270.1670, 270.5585, 
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A robust photonic quantum information network re- 
quires a means of storing and retrieving light on demand. 
For ensemble systems, storage schemes using Electro- 
magnetically Induced Transparency (EIT) [1-5] and Ra- 
man coupling [6-8] show great potential. Another way 
of storing quantum information relies on photon echoes 
[9, 10] generated using controlled reversible inhomoge- 
neous broadening (CRIB) [11-14]. It was recently shown 
that with a linear atomic frequency gradient introduced 
along the axis of light propagation, it is possible to ob- 
tain an efficient photon echo in the forward direction by 
simply reversing the sign of the gradient [15]. Experimen- 
tal realisations of this Gradient Echo Memory (GEM) 
were performed using two-level atoms in a solid state sys- 
tem [15]. An advantage of GEM, and CRIB in general, 
is that a-priori knowledge of the temporal shape of the 
input pulse is not required for optimum storage [4,16]. 
In this paper, we propose a three- level GEM scheme, us- 
ing far off-resonance Raman coupling to ground states. 
We also present a proof of principle experiment in warm 
rubidium vapour using a spatially varying Zeeman shift. 

We begin by demonstrating that Raman-coupled 
ground states can play an equivalent role to the two- 
level atom considered in previous GEM work [15] in the 
far detuned and adiabatic limits. A three- level system 
is depicted Fig. 1(a) with a one-photon detuning A, a 
two-photon detuning S{z^t) that can be varied in time 
and be made linear in space, a classical control beam Qc 
and a weak quantum field E that we wish to store. The 
interaction Hamiltonian of the three-level system is 

0'23 + h.c) (1) 

where an refers to the atomic population in the state 
aij is the atomic coherence of the transition \i) \j) 
and g is the atom-light coupling strength for the 1^3 
transition. Assuming that all the population is in the 



ground state |1) initially, and that the probe is weak 
((Jii — 1), from the Heisenberg-Langevin equations, in a 
moving frame at the speed of light, we find 
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-(7 + 70/2 + iA)ais + igS + i^c^i2 + As- 
-(70 + iv{t)z)ai2 + i^c^is + F12 (2) 



S = igN&is, 



where is the linear atomic density and S{z^t) = r]{t)z, 
which is linear in z. The Langevin operators F13 and 
F12 account for noise coming from spontaneous emission 
(7) and ground state decoherence (70) respectively. It 
has been shown that these Langevin terms do not gener- 
ate noise beyond that required to preserve the canonical 
commutation relations of the operators [3,5]. To sim- 
plify the equations, we adiabatically eliminate fast ex- 
cited state fluctuations by assuming 1/T <C 7, where T 
is the fastest time-scale of the system. We also assume 
large detuning compared to the spontaneous emission 
rate (A ^ 7). In atomic ensembles with optical density 
d = g'^N/j^ 1/dT <^ 7 and A ^ jd are sufficient con- 
ditions when the optical density is larger than unity [3] . 
Equations (2) then become 



dz^ 



- [70 + '^Vit)^] ^12 + w'£ 
ig'Nai2, 



(3) 



where g' = gQc/^- The reference frame has been nor- 
malised to the effective refractive index igN/A and the 
coupling beam frequency has been chosen to match the 
light shift \rtc\'^/A. Equations (3) are equivalent to the 
two- level memory presented in Ref. [15] where it was 
shown that reversing the detuning slope {r] —rf) af- 
ter the input light absorption causes an echo to leave 
the medium in the forward direction. The echo was also 
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Fig. 1. (a) The A-level scheme used for GEM. (b) Details 
of the magnetic coil configuration around the Rb cell, 
(c) Diagram of the optical layout. (AO: acousto-optic 
modulator; QW: quarter- waveplate; BS: beam-splitter; 
LO: local oscillator beam used for heterodyne detection.) 



shown to be an ideal time-reversed copy of the input [16]. 
In the case of the two-level system presented in [15], 
there is a trade-off between long excited state lifetime 
and large optical depth, since both parameters are gov- 
erned by the atom-light coupling g. By introducing a 
third level, the effective atom-light coupling {g') and 
decoherence rate (70) have been decoupled allowing, in 
principle, longer storage at higher optical depth. In the- 
ory, like other three- level memories, the storage time is 
limited by the ground state decay 70. Provided the op- 
tical depth {g'N/rf) is much larger than unity and the 
bandwidth of the storage medium (r^x length of storage 
medium) is larger than the pulse bandwidth, the effi- 
ciency can be close to 100% for storage times less than 
the ground state decay time. 

The key advantage of this scheme, over previously pro- 
posed quantum memories using CRIB, is that the probe 
information is directly coupled to the ground states by 
the control field. In principle, the dynamics of the control 
beam do not play a critical role in the memory process, 
and one can choose whether to leave the control beam 
on, or off, during the storage phase of the experiment. In 
other schemes, carefully timed pulses are required to ef- 
ficiently map the probe into the ground state coherence. 

Previous GEM experiments have used Stark shifts 
to prepare an atomic frequency gradient of ions in a 
solid state material [15]. Our present experiment uses 
rubidium that has no linear Stark effect, hence a spa- 
tially varying magnetic field was employed to prepare a 
Zeeman gradient. An arrangement of 4 coils, shown in 
Fig. 1(b), was used to generate the required magnetic 
fields. The outer coils were used to generate a B-field 
of 3.4 G at the centre of the gas cell and a gradient in 
the z-direction that could be tuned to accommodate the 
spectral width of the input pulse. The inner coils could 
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Fig. 2. (a) (i) Probe transmission without control beam. 

(ii) Raman absorption without a magnetic field gradient. 

(iii) The absorption line broadened by the magnetic field 
gradient, (iv) Background level with probe light absent. 
The parameters were: A = 600 MHz, control and probe 
beam powers of 40 mW and 1/iW respectively, and a cell 
temperature of 60° C. (b) The FID shown in (i) has an 
amplitude decay time of about 2.5/is. With a magnetic 
field gradient the FID decay (ii) is much faster. 



be switched to reverse the sign of the B-field gradient. 

A schematic of the optical set-up is shown in Fig. 1(c). 
The Ti:Sapph laser was red detuned by 600 MHz from 
the transition Fg = 2 ^ = I of the ^'^Rb Di line. The 
frequency of the control and probe could be tuned to 
match the two-photon detuning introduced by the mag- 
netic field offset (3.4 G) and the light shift (50 kHz). 
The vapour cell contained isotopically enhanced ^^Rb 
and 5 Torr of helium buffer gas. The control and probe 
beams had diameters of 2 and 0.3 cm respectively. An 
external cavity diode laser was used to repump atoms 
from the = 1 to the Fg = 2 hyperfine levels. 

With the laser 600 MHz detuned from the Doppler-free 
transition frequency and no control beam, the incoherent 
absorption of probe light in the gas cell was 50%, which 
is the level shown in trace (i) of Fig. 2(a). To observe the 
Raman absorption line, the control beam was turned on 
and its frequency was scanned. A Raman line of width 
170 kHz was created that absorbs 75% of the remaining 
probe light as shown in Trace (ii). Finally, Trace (iii) 
shows the Raman line after Zeeman broadening is ap- 
plied using the spatially varying B-field. 

After exciting the atoms participating in the Raman 
absorption with a pulse shorter than the inverse of the 
linewidth, the atomic macroscopic coherence will cause 
light to re-radiate via free induction decay (FID). A long 
FID signal indicates a long macroscopic coherence time 
and a small ensemble linewidth. To observe the FID, we 
used heterodyne detection and excited the atoms using 
a weak pulse of 250 ns. In Fig. 2(b), Trace (i) shows the 
FID observed without applying a broadening magnetic 
field. To allow a precise measurement of the amplitude 
decay, the beat signal was mixed down with a frequency 
offset of 1 MHz. Oscillations of the FID amplitude at 1 
MHz are observed for about 2.5 /is. The decay time of 
the intensity of the signal is then about 1.2 /is, consis- 
tent with the width of the unbroadened Raman feature 
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Fig. 3. (a) The input pulse measured without Raman ab- 
sorption is shown in (i). Incoherent absorption in the gas 
ceh was 50% for this trace. The absorption is further en- 
hanced by the Raman beam, as shown by the left-hand 
side of (ii). After switching the B-field, an echo is gen- 
erated as seen on the right-hand side of (ii). Numerical 
modelling (iii) shows good agreement with the experi- 
ment. (Parameters are 7o=500 kHz, r]=0.2 G/cm and a 
B-field switching time of 1 /is.) (b) As the magnetic field 
fiipping is delayed in steps of 400ns from (i) to (iv), the 
pulse emerges later in steps of 800 ns. 



(l/(27r X 170 kHz) ^ 1 /is). In the presence of a magnetic 
field gradient the FID is very fast, as shown in Trace (ii). 

Having prepared the atomic ensemble and measured 
the FID, we found that by inverting the magnetic field 
slope, a pulse absorbed in the Zeeman shifted medium 
could be retrieved as an echo. Fig. 3(a) shows the re- 
sult of the experiment. Trace (i) shows the input pulse, 
around 1 /is long, measured by blocking the control field. 
Trace (ii) shows the light that was transmitted straight 
through the cell without being absorbed. The shape of 
this transmitted pulse is a consequence of the low Fourier 
frequencies being coherently absorbed in the gas cell, 
while the higher frequencies are transmitted. Further 
broadening of the Zeeman gradient leads to more uni- 
form absorption of the Fourier spectrum at the expense 
of reducing the optical depth per unit bandwidth [15,16]. 
After fiipping the magnetic field slope at t = /is using 
the inner coils, we retrieved part of the stored excita- 
tion. About 30% of the light that was coherently ab- 
sorbed could be retrieved as an echo. The absolute effi- 
ciency, calculated as the area under the input and output 
pulses and accounting for the incoherent loss in the gas 
cell, was ~1%. The main features of the experiment are 
also reproduced by numerical simulations using the two- 
level atom model of Ref. [15]. Trace (iii) shows the re- 
sult of the simulations, using an atomic coherence time 
of 1/is, an optical depth of 0.4 and accounting for the 
finite switching rate of the magnetic field. 

By delaying the magnetic gradient fiip in 400 ns steps, 
we observed a corresponding delay of ~800 ns in the pho- 
ton echo, as shown in Fig. 3(b). The echo strength decays 
with a time constant of ^1.5 /is, which is similar to the 



Raman linewidth and FID decay. This decay rate is, how- 
ever, faster than that found for EIT storage in the same 
gas cell, where a pulse could be stored for times of up to 
20 /Lis. Whereas in EIT only atoms with a small veloc- 
ity spread in the longitudinal direction are addressed, in 
our experiment the detuned Raman transition acts over 
a wide range of longitudinal velocities. This could lead 
to a "blurred" GEM spin wave and, since some of the 
faster atoms will have only a small one-photon detuning, 
increased spontaneous emission. We therefore speculate 
that increased buffer gas pressures may lead to increased 
storage time. 

In conclusion, we have proposed a scheme that ex- 
tends the two-level atom GEM to three-level atoms with 
potentially longer coherence times. The simplicity of the 
proposal allowed us to demonstrate proof of principle ex- 
periments in a vapour cell. We expect the performance 
to improve significantly with laser cooled atomic ensem- 
bles, cryogenic solid state systems, or vapour cells with 
optimised buffer gas pressure. 

We would like to thank J. J. Longdell, M. Sellars, 
J. Cviklinski, A. Akulshin and M. T. L. Hsu for enlight- 
ening discussions and experimental support. We thank 
the Australian Research Council for financial support. 

References 

1. D. F. Phillips, A. Fleischhauer, A. Mair, R. L. 
Walsworth, and M. D. Lukin, Storage of light in atomic 
vapor, Phys. Rev. Lett. 86, 783 (2000). 

2. C. Liu, Z. Button, C. H. Behroozi, L. V. Hau, Ob- 
servation of coherent optical information storage in an 
atomic medium using halted light pulses, Nature 409, 
490 (2001). 

3. A. V. Gorshkov, A Andre, M. D. Lukin, and A. 
S. S0rensen, Photon storage in A-type optically dense 
atomic media. 1. Cavity model, Phys. Rev. A 76, 033804 
(2007); A. V. Gorshkov, A. Andre, M. Fleischhauer, A. 
S. S0rensen and M. D. Lukin, Universal approach to op- 
timal photon storage in atomic media, Phys. Rev. Lett 
98, 123601 (2007) 

4. L Novikova, N. B. Phillips, A. V. Gorshkov, Op- 
timal light storage with full pulse shape control, 
arXiv:0805.1927 (2008). 

5. G. Hetet, A. Peng, M. T. Johnsson, J. J. Hope and 
P. K. Lam, Characterization of electromagnetically- 
induced- transparency -based continuous- variable quan- 
tum memories, Phys. Rev. A, 77, 012323 (2008). 

6. A. Bantan, and M. Pinard, Quantum-state transfer be- 
tween fields and atoms in electromagnetically induced 
transparency, Phys. Rev. A, 69, 043810 (2004). 

7. A.E. Kozhekin, K. Molmer, and E. Polzik, Quantum 
memory for light, Phys. Rev. A, 62, 033809 (2000). 

8. J. Nunn, L A. Walmsley, M. G. Raymer, K. Surmacz, 
F. C. Waldermann, Z. Wang, and B. Jaksch, Mapping 
broadband single-photon wave packets into an atomic 
memory, Phys. Rev. A 75, 011401 (2007). 

9. N. A. Kurnit, L B. Abella, and S. R. Hartmann, Obser- 
vation of photon echo, Phys. Rev. Lett., 13, 567 (1964). 

10. T. W. Mossberg, Time-domain frequency selective 
optical-data storage. Opt. Lett., 7, 77, (1982). 



3 



11. S.A. Moiseev and S. Kroll, Complete reconstruction of 
the quantum state of a single-photon wave packet ab- 
sorbed by a Doppler-broadened transition, Phys. Rev. 
Lett., 87, 173601(2001). 

12. M. Nilsson and S. Kroll, Solid state quantum memory 
using complete absorption and re-emission of photons 
by tailored and externally controlled inhomogeneous ab- 
sorption profiles, Opt. Comm., 247, 393 (2005). 

13. B. Kraus et a/.. Quantum memory for nonstationary 
light fields based on controlled reversible inhomogeneous 
broadening, Phys. Rev. A, 73, 020302(R) (2006). 

14. N. Sangouard, C. Simon, M, Afzelius and N. Gisin, Anal- 
ysis of a quantum memory for photons based on con- 
trolled reversible inhomogeneous broadening, Phys. Rev. 

A, 75, 032327 (2007). 

15. G. Hetet, J. J. Longdell, A. L. Alexander, P. K. Lam, and 
M. J. Sellars, Electro- optic quantum memory for light 
using two-level atoms, Phys. Rev. Lett., 100, 023601 
(2008). 

16. G. Hetet, J. J. Longdell, M. J. Sellars, P. K. Lam, and 

B. C. Buchler, Bandwidth and Dynamics of the Gradient 
Echo Memory, arXiv:0801.3860vl, quant-ph (2008). 



